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Abstract: Emerging methods of anti-tumor therapies require new approaches to tumor response
evaluation, especially enabling label-free diagnostics and in vivo utilization. Here, to assess the
tumor early reaction and predict its long-term response, for the first time we apply in combination
the recently developed OCT extensions - optical coherence angiography (OCA) and compressional
optical coherence elastography (OCE), thus enabling complementary functional/microstructural
tumor characterization. We study two vascular-targeted therapies of different types, (1) anti-
angiogenic chemotherapy (ChT) and (2) photodynamic therapy (PDT), aimed to indirectly kill
tumor cells through blood supply injury. Despite different mechanisms of anti-angiogenic action
for ChT and PDT, in both cases OCA demonstrated high sensitivity to blood perfusion cessation.
The new method of OCE-based morphological segmentation revealed very similar histological
structure alterations. The OCE results showed high correlation with conventional histology in
evaluating percentages of necrotic and viable tumor zones. Such possibilities make OCE an
attractive tool enabling previously inaccessible in vivo monitoring of individual tumor response
to therapies without taking multiple biopsies.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The Response Evaluation Criteria in Solid Tumors based on tumor size changes (RECIST) still
remains the gold standard for tumor response assessment [1]. This approach was developed
for evaluation of tumor response to cytotoxic therapies that inhibit cell division [2]. However,
the development of new methods of anti-tumor therapies require new ways for tumor response
assessment, which could evaluate tumor biology and physiology. In this context, prospects of
optical methods attract high interest for tumor response evaluation, including new functional
extensions of optical coherence tomography (OCT). The latter are especially convenient for
characterization ofmodel tumors in animal experiments, forwhich the tumor sizes and accessibility
perfectly correspond to possibilities of OCT [3–6].
The present study also uses an animal tumor model (murine colon carcinoma) to which

two modern types of tumor treatment: anti-angiogenic targeted chemotherapy (ChT) with
bevacizumab and photodynamic therapy (PDT) with chlorine E6 photosensitizer - Photodythazin.
Both therapies cause tumor vessel damage and, as a result, necrosis of tumor cells through the
ischemia.
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The mechanism of vasculature-targeted therapy with bevacizumab is as follows. Bevacizumab
selectively binds and inhibits the biological activity of vascular endothelial growth factor (VEGF)
[7]. As a result, the survival for endothelial cells of pre-existing blood vessels is reduced, a
histological picture of desquamation of vascular endothelium, hemostasis and moderate edema
are observed [8]. These pathomorphological changes occur after several days and a certain
number of ChT sessions. In areas of tumor hypoxia, where blood supply ceased, cell death with
the formation of necrosis sites is observed.

PDT is a promising modern approach in cancer therapy with low normal tissue toxicity, widely
used in various fields of medicine [9,10]. For vascular-targeted PDT, the photosensitizer (PS) is
injected into the bloodstream. Over a short time, the PS is absorbed by endothelial cells. The
PS only works after it has been activated by light with certain wavelengths [11]. As a result
of the photodynamic reaction, significant changes in endothelial cells occur. This leads to the
activation of circulating platelets and other hemostatic mechanisms and, as a consequence, to a
thrombogenic effect and blood flow interruption within ∼hours post PDT [12]. These processes
cause acute hypoxia of the tumor tissue and its death (formation of necrosis).
In view of this, the criteria of tumor response to vascular-targeted therapies should assess

not only tumor size changes, but also perfusion and tumor necrosis. For example, in [13]
antiangiogenic treatment led to significant decrease in perfusion, mild reduction in mean tumor
density without significant change in mean tumor size as demonstrated by computer tomography.
In this context, recently developed noninvasive imaging methods open new possibilities to
quantitatively assess tumor status and predict treatment response [1].
Among the methods of detection, visualization and quantitative assessment/monitoring of

tumor microcirculation (perfusion) OCT-based angiography (OCA) has demonstrated high
potential [5,6,14–18]. Recently, observation of blood-circulation blockages in tumors and in
peri-tumorous regions based on OCA has proven to be very useful for accurate prediction of
the outcome of vasculature-targeted PDT during the first 24 hours post-PDT on experimental
animals [5,6] and patients [19], as well as for detection of side effects of radio-therapy manifested
via microvasculature alterations in the oral cavity [16]. However, unlike the fairly easily observed
perturbation in the microcirculation of blood, the assessment of the histological structure of
tissues lacks precise, non-invasive methods.
Biomechanical properties of tumor was shown to be changed after therapy due to necrosis

and other histological changes of tumor tissue [20,21]. The OCT-based elastography (OCE)
is emerging as a new perspective approach for tissue stiffness measuring (elasticity mapping)
with spatial resolutions in the range 30–100 µm, suggesting several attractive advantages for
imaging in clinic [22–25]. Recently, using excised breast cancer samples [26] and murine model
breast cancer treated by chemotherapy [20,21], the OCE ability was demonstrated to determine
different histological structures of tumor by evaluating their stiffness. For rather mechanically
heterogeneous breast cancer samples studied in [26], up to 5-6 morphological constituents were
segmented. Murine model 4T1 of breast cancer studied in vivo in [20,21,27] was characterized
by somewhat simpler structure (4 main morphological components). For two different types of
chemotherapy (cytotoxic with cisplatin and anti-angiogenic with bevacizumab), those tumors
demonstrated the same morphological alterations (necrosis, edema, dystrophic tumor cells and
viable tumor cells) with very similar characteristic stiffness ranges. Importantly, that conventional
histology and the in vivo feasible OCE have proven to enable comparable diagnostic value from
the viewpoint of characterization of microstructural/morphological alterations [27] ensuring
similar accuracy of morphological segmentation ∼30-50 µm, although the initial resolution of
histological images was an order of magnitude higher than in OCT scans.
To verify universality of the OCE-based segmentation method and demonstrate it in another

biomedical problem, the specific stiffness ranges initially established in [27] for 4T1 tumor, in
this study we applied for morphological segmentation of another tumor model - murine colon
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carcinoma ST26. It was treated by two different vasculature-targeted therapies - bevacizumab-
based ChT and PDT, the results of the latter being assessed by OCE for the first time. In parallel, to
verify universality of OCA that previously proved to be very efficient for early assessment of PDT
[6,19] and radiation therapy [16], for the first time OCA was applied to assess anti-angiogenic
chemotherapy. Therefore, to enable complex evaluation of tumor reaction to therapies, in this
study we combined for the first time in vivo functional characterization (by observing blood flow
alterations using OCA) with in vivo assessment of microstructural/morphological alterations
(using OCE-segmentation) as described in the following sections.

2. Materials and methods

2.1. Multimodal OCT system

The tumor response to therapy was assessed by a multimodal OCT system (designed at the
Institute of Applied Physics RAS, Nizhny Novgorod) with a central wavelength of 1310 nm, power
output of 15mW, transversal resolution of 25 µm, axial resolution of 15 µm (in air), scanning
depth of up to 2mm in air and a scanning speed is 20,000 A-scans per second [28]. The system
is capable of 2D cross-polarization imaging [29], 3D angiographic visualization [15,17,30,31],
as well as imaging of local strains and quantitative stiffness evaluation using compressional
elastography [32–38].

2.1.1. In vivo OCA imaging

The realized OCA method can be viewed as a kind of speckle-variance approach [14], but based
on the complete complex-valued amplitude (i.e. utilizing both amplitude and phase variations of
the signal scattered by moving blood particles Unlike comparing repeated OCT scans for the
same position as in [14], we analyzed the signal variability by performing high-pass filtering
[15,17] applying a sliding window to every group of nearly overlapped ∼7-8 B-scans in the
recorded 3D-stack along the slow-scanning direction orthogonal to the B-scan planes. However,
in the used real-time realization [17] the three steps of making the Fourier transform, high-pass
filtering of the spectrum and the subsequent inverse Fourier transform were combined into
a single computationally efficient operation. It consisted of time-domain convolution of the
acquired OCT signal with a sliding along the slow axis pulsed function (see details in [17]). Such
convolution was equivalent to sliding high-pass filtering of the overlapped scans and allowed for
on-flight visualization of the vascular network “on-flight” during the acquisition of the 3D image
(see the flow-chart in Fig. 1).

Fig. 1. Schematic of OCA data acquisition and signal processing.

The scanned volume was 2.4 × 2.4× 1.5mm in size. For further OCE-image analysis, each
obtained 3D microvascular network was represented as 2D maximum intensity projections,
showing the vascular network en-face over the entire visualization depth.
We emphasize that the used OCA method visualizes only perfused vessels with moving

scatterers in the blood flow [5]. The perfused vessel density (PVD) was chosen as a main metric
due to its simplicity, robustness, and easy interpretation. PVD was calculated as the number of
pixels of all vessel skeletons (i.e. central lines of skeletonized vessels) in the analyzed image
area, divided by the total number of pixels in this area (see [6,16]). By analogy with our previous
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animal study [5], the vascular response to the therapy was categorized as “strong” or “weak”
based on the OCA examination. Strong reaction meant no visible vessels on OCA images because
of significant vascular damage; weak reaction meant that a small number of vessels (the density
of which was above certain pre-determined PVD threshold) were still visible post treatment, see
details in [5,6].

2.1.2. In vivo OCE imaging

For assessing the tissue stiffness, we applied a realization of compressional OCT-elastography
described in detail in [32–38]. OCE visualization of local strains used estimation of axial
gradients of interframe phase variations of the OCT signal induced by the tissue deformation
produced by the output window of the OCT probe (see the flow chart in Fig. 2). The phase
gradients were estimated using the vector method [35,36], which is exceptionally robust to
decorrelation distortions and other measurement noises and does not require the conventionally
used phase unwrapping even for supra-wavelength displacements of scatterers. To quantify
the tissue stiffness (Young’s modulus) from the reconstructed spatial distributions of strains, a
translucent reference (silicone) layer with pre-calibrated stiffness (usually ∼100 kPa) was placed
on the tissue surface and was used as an optical tress sensor. A very important feature of the used
method was that for estimating the tissue stiffness, we ensured the same standardized range of
pressure applied to the tissue over the entire scan in all measurements, which was controlled via
strain in the reference silicone layer (see details in [26,27]). The necessity of such standardization
is caused by pronounced nonlinearity of stress-strain curves of biological tissues [39], for which
the apparent Young modulus may vary several times for rather moderate pressures ∼100..101 kPa
corresponding to tissue straining within several per cent (see examples of such nonlinear curves
obtained using OCE in Refs. [34,37,40,41]). Importantly, the reference silicones, exhibit fairly
linear stress-strain relationships up strains ∼several tens per cent [34,37], which enables their
utilization as linear stress-sensors. In what follows, similarly to [26] and [27] the standardized
pressure range for estimating the tissue stiffness was 4 ± 1 kPa.

Fig. 2. Schematic of OCE data acquisition and signal processing.

In the initial individual elastographic maps the stress produced by the compressing OCT-probe
window was noticeably inhomogeneous over the lateral coordinate, because the surface of studied
tumors was not ideally planar and tumor stiffnes could laterally vary. In view of this, in each
experiment several tens of OCT images of the monotonically compressed tissue and reference
layer were recorded. Then interframe strains were found and cumulative strains in the tissue and
reference layer were calculated as a function of frame number. Using such many-frame sequences
of cumulative strains, it was possible to re-assemble A-scans taken from cumulative-strain frames
with different numbers in order to synthesize a single map of strain distribution, such that for
every lateral coordinate in the synthesized image the strain and stress in the reference silicone
corresponded to the desired standardized level. Such standardization was critically important for
meaningful comparison of different measurements.

Further quantitative processing of the so-obtained pressure-standardized OCE images included
analysis of evolution of the “stiffness spectra”, i.e., histograms (Fig. 7(a), 10(a)) showing
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percentages of pixels with different stiffness on the OCE images obtained for the tumors subjected
to therapies, as well as control tumors. The histograms were normalized to 100% over the
total area of the chosen region of interest, so that the bin heights gave percentages of pixels
corresponding to particular ranges of stiffness. As was recently shown in study [26] such stiffness
spectra extracted from high-resolution OCE-maps are much more informative in comparison
with conventionally discussed average stiffness values.

Finally, we applied procedures of automated morphological segmentation of the pressure-
standardized OCE-images. In the recent works [21,26] such OCE-based segmentation was
applied to human breast-tumor samples (for which six main morphological components were
segmented) and in [27] the same method was applied in vivo to chemotherapy-treated murine
model of breast cancer (that has simpler morphology characterized by four main histological
zones). The segmentation principle is based on the revealed fact that the studied morphological
components of the tissue are characterized by specific, clearly distinct ranges of the Young
modulus. These ranges were determined via accurate comparison of the OCE stiffness maps with
the corresponding histological sections. According to the revealed specific stiffness ranges, the
OCE images were readily automatically segmented into zones that were instructively represented
in different colors (see Figs. 7(b), 10(b) below). The areas of the so-segmented zones in OCE-
maps demonstrated striking correlation with the areas of histological components segmented
by an experienced histopathologist on conventional histological sections using QuPath image
analysis software (v0.1.2) (see details in [27]). In particular, areas of different non-tumor and
tumor zones comprising fairly small cell agglomerates with sizes of a few tens of microns can be
segmented. In the next sections we show that similarly to [27], where details of determining
the specific stiffness ranges are presented for the murine cancer model, the following four main
morphological components can be segmented on the OCE-scans of tumors: (i) necrosis of tumor
tissue characterized by the lowest stiffness values from 101 kPa to 230 kPa; (ii) edema of tumor
tissue with stiffness values ranged from 231 kPa to 410 kPa; (iii) irreversible dystrophy of tumor
cells with a stiffness range from 411 kPa to 620 kPa and (iv) viable tumor tissue that has the most
rigid structure and is characterized by the highest stiffness values, over 621 kPa (Fig. 7(c), 10(c)).

2.2. In vivo fluorescent imaging

Tumor’s blood vessels reaction to ChT and PDT was additionally visualized by fluorescent
imaging. A fluorophore FITC conjugated with a dextran 2 MegaDaltons (Sigma, USA) was
injected intravenously to the experimental animals in dose 50mg/kg body weight. The study was
carried out on a fluorescent stereomicroscope Axio Zoom V16 (Zeiss, Germany). For excitation
of fluorescence and emission detection, the following set of filters was used: excitation 470/40 nm,
emission 520/50 nm, dichroic mirror 495 nm. The fluorescent images were obtained in control
tumors, on day 5th post ChT and 1st post PDT. Vascular density on the fluorescent images was
determined by analogy with the OSA images.

2.3. Animal model

The efficiency of the OCA and OCE methods for evaluating the response to treatment was tested
on murine colon carcinoma CT26 (n= 32 for ChT and n= 32 for PDT). The tumor cell suspension
(200,000 cells in 20 µl phosphate buffer) was inoculated intracutaneously into the external
auricle tissue of 8-weeks old female BALB/c mice (weight of 20–22 g). An ear tumor model
is characterized by a surface growth, a relatively small size (several millimeters in diameter)
and good accessibility for visual examination and optical bioimaging. The present study was
approved by the Research Ethics Board of the Privolzhsky Research Medical University (Nizhny
Novgorod, Russia).
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2.4. Chemotherapy (ChT)

The antiangiogenic drug Avastin (Bevacizumab, Roche, Switzerland) was used in the study.
Animals were randomly divided into 2 groups: a control group (n= 16) receiving saline solution;
therapeutic group (n= 16) receiving bevacizumab. To achieve better therapeutic effect the
treatment was started on day 2 after tumor inoculation (Fig. 3), as was done in [21]. A dose of
15mg/kg of bevacizumab was established as the most optimal for achieving inhibition of tumor
growth [42]. The drug was administered intraperitoneally three times per week [20]. In total, 4
courses of drug administration were performed (Fig. 3).

Fig. 3. Design of experiments on chemotherapy (ChT).

2.5. Photodynamic therapy (PDT)

PDT was performed on 13th day after tumor inoculation when the tumor size reached 3-3.5mm
in diameter (Fig. 4). Photosensitizer “Photodithazin” (N-dimethylglucamine salt of Chlorine
E6, Veta-Grand, Russia) was administered intravenously in dose 5mg/kg of body weight and
irradiated after one hour with a diode laser (659 nm) with irradiance rates 100mW/cm2 and total
irradiance 100 J/cm2. That PDT regime was demonstrated to occur vascular-targeted action
[6,43]. Animals were randomly divided into 2 groups: treated by PDT (n= 16) and untreated
control (n= 16).

Fig. 4. Design of experiments on photodynamic therapy (PDT).

2.6. Conventional assessment of tumor response to therapies

Currently, the evaluation of the response of an experimental tumor to treatment includes
monitoring the tumor size changes and determining the morphological regression of the tumor
by histological examination [1].

2.6.1. Estimation of tumor volume dynamics

The tumor size was measurement with a caliper on days 2, 5, 7 and 9 for ChT and before PDT, 24
hours, 2 and 6 days after PDT. Tumor volume (V, mm3) was as π/6 a*b*c, where a is the length
of the tumor, b is its width and c is the height [44]. Tumor growth inhibition coefficient (TGI) as a
standard for animal anti-tumor therapy efficacy study was estimated [45]:

%TGI =
(
1 −
(VT − VT0)/VT0
(VC − VC0)/VC0

)
× 100%, (1)

where subscripts “T” and “C” correspond to the treated and control groups and subscript
“0” denotes the initial tumor volume. The relation of this coefficient with tumor-volume
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decrease/increase is as follows: TGI> 100% - tumor volume decreased (effective treatment);
TGI ∼ 100% - tumor volume did not change, TGI< 100% tumor volume increased (ineffective
treatment).

2.6.2. Histopathology

After in vivo multimodal OCT studies, for histological validation, at days 5, 7 and 9 after ChT and
1, 2 and 6 days after PDT, three animals from each of the studied groups were sacrificed and tumor
nodes were resected. For co-location of histology with the OCT scans, positions of the latter on
the tumors were marked by histological ink. Tumor samples were fixated in 10% neutral buffered
formalin. To study tumor tissue morphology, several cross sections were made from the tumor
center and stained with hematoxylin and eosin (H&E). Histopathology examination included the
identification of viable tumor cells (not damaged by therapy), necrosis, edema and dystrophic
tumor cells (pathological mitoses, cells with karyopicnosis/karyorexis/karyolysis/vacuolization of
the nuclei). Validation of blood vessels integrity was carried out immunohistochemically (IHC)
staining again vascular endothelium (CD31) on day 5th post ChT and 1st post PDT. Quantitative
analysis of the vascular density on IHC images was performed using ImageJ software (National
Institutes of Health, USA) as the number of pixels with high signal from stained vessels in the
analyzed image area, divided by the total number of pixels in this area.

The histological slices were prepared using a Leica RM 2245 Rotary Microtome, and studied
on transmitted light microscope Leica DM2500 DFC (Leica Microsystems, Germany), equipped
with a digital camera.

2.7. Statistical analysis

The statistical significance of differences in the tumor volume changes, the vessels density and
the stiffness differences between the control non-treated and treated (ChT or PDT) tumors was
calculated by the student’s t-test. All the results were expressed as mean±SD. In all cases, the
differences were considered statistically significant when p< 0.05. Pearson correlation coefficient
(r) was calculated to determine the correlation between (i) vessels density on the OCA and
fluorescent images, (ii) the area of necrosis revealed by histology and OCE images, (iii) the areas
of viable tumor cells revealed by histology and OCE images.
The statistical data processing was done in MS Excel 2010 with a public domain software

plugin for statistical analysis STATISTICA 10 (StatSoft, Inc., Tulsa, Oklahoma).

3. Results

3.1. Tumor response evaluation to anti-angiogenic chemotherapy

3.1.1. Conventional assessment

The dynamic of tumors growth (see Fig. 5(a)) demonstrates slight inhibition of tumor volume on
the 9th day of observation (TGI9d= 37-54%).

According to histopathology assessment, the dominance of viable tumor cells and appearance
of weak edema was shown in control group on day 9. Histopathology examination of tumors
on day 5 after ChT revealed severe blood vessels injuries: (i) desquamation of the endothelium
of the vascular wall and (ii) moderate plethora of blood vessels and (iii) hemorrhages. Severe
edema as a result of blood vessels reaction was also observed. Only small clusters of viable
tumor cells (about 10-20% of the total tissue area) and dystrophic tumor cells (about 5-15% of
the total tissue area) were revealed (see Fig. 5(b)). The development of these histopathological
changes was observed up to day 9. In addition, areas of ischemic necrosis of the tumor cells
(whose percentage on day 9 reached 35-42%) were observed on days 7 and 9.
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Fig. 5. Effect of ChT on tumorCT26. (a) Monitoring of relative tumor volume changes for
bevacizumab (n= 10) and control (n= 10) groups. Data are shown as mean± SD. Asterisks *
denote statistically significant difference between bevacizumab and control groups, p ≤ 0.05.
(b) Histological images (H&E) of control and bevacizumab-treated tumors. Blue arrows
indicate viable tumor cells; orange arrows indicate desquamation of the endothelium of the
vascular wall and moderate plethora of blood vessels; black arrows indicate hemorrhages
and edema; yellow arrows indicate ischemic necrosis of the tumor cells.

3.1.2. In vivo angiographic monitoring of ChT-induced changes

Figure 6(a) demonstrates OCA images of perfused tumor microvasculature at different time points
post ChT. Control group demonstrated well-developed blood vessels network on OCA images
throughout all observation time period (Fig. 6(a)). Unlike the control tumors, bevacizumab-treated
tumors on the 5th day showed weak microvascular damage manifested as partial blood vessels
disappearance (Fig. 6(a)). On days 7 and 9, a significant regression of the vasculature (severe
microvascular damage) was observed in the OCA images and confirmed by quantitative analysis
(Fig. 6(d)). The fluorescent images (Fig. 6(b)), IHC images (Fig. 6(c)) and quantitative analysis
of the all types of images (Fig. 6(d), (e)) confirm that bevacizumab-treated tumors have low dense
of perfused vessels.

3.1.3. In vivo elastographic monitoring of ChT-induced changes

The stiffness percentage graph for the control group (see Fig. 7(a)) shows weakly varying tumor
stiffness with dominating high values >800 kPa) at all time points. In the bevacizumab-treated
group, there was a dramatic decrease in stiffness values (down to ∼300 kPa) on day 5, and a
further decrease in stiffness on days 7 and 9. At all time points the characteristic stiffness values
for bevacizumab-treated tumors were 3-4 times smaller than for the control group.
Segmentation of the in vivo obtained OCE images (Fig. 7(b)) and their quantitative analysis

(Fig. 7(c)) demonstrate pronounced changes in histological structure of tumors under therapy in
contrast to the control group. In the control tumors, segmented OCE images consist of weakly
varying zones of viable tumor cells (occupying more than 95% of the tumor area) with small
areas of dystrophic tumor cells (occupied up to 5%). In contrast, segmented OCE images of
bevacizumab-treated tumors demonstrate strongly reduced zones of viable tumor cells and the
appearance of large areas of edema (occupied 62%, 58% and 43% at the corresponding time
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Fig. 6. Monitoring of tumor’s blood vessel reaction to anti-angiogenic ChT with
bevacizumab by means of (a) in vivo real time OCA imaging; (b) corresponding fluorescent
images and (c) IHC images (CD31 staining of blood vessels) in control tumors and 5 days
post start of ChT. (d) perfused vessels density, determined on OCA and fluorescent images,
(e) vascular density, determined on IHC images.

points), dystrophic tumor cells (occupied 15%, 10% and 6% at corresponding time point) and
steadily growing necrosis areas (occupied 4%, 15% and 34% at corresponding time point).
Pearson correlation coefficient shows a strong correlation between the histological images

and segmented OCE images for the areas of viable tumor cells (r= 0.94) and necrosis (r= 0.98).
This strong correlation confirms a high degree of consistency between histologically-revealed
morphological changes in the tissue and changes in stiffness in OCE images.

Figure 7(s) demonstrates that bevacizumab treatment led to decrease in the number of perfused
blood vessels in OCA images already at 5th day post ChT start. This resulted in severe edema
that was clearly revealed by OCE. On 7th day and later, the strong disruption of blood supply
(detected by OCA) caused pronounced growth of necrosis areas, which was clearly visualized by
OSE.
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Fig. 7. In vivo OCE monitoring of tumor response to ChT for control and bevacizumab-
treated tumors at 3 time points: (a) Stiffness-percentage graphs illustrating the shift of
the normalized stiffness spectrum (total area under the curve is 100%) to lower values for
bevacizumab-treated tumors (gray lines) in compered with control tumor (black lines); (b)
Segmented OCE images demonstrating various tumor zones (viable tumor cells, dystrophic
tumor cells, edema and necrosis of tumor cells); (c) Percentages of pixels (left vertical axes)
belonging to different stiffness ranges for the control group and bevacizumab-treated one
(blue, light blue, yellow and red columns). The dashed purple lines and right vertical axes
show percentage of perfused vessels density. Asterisk * indicates statistically significant
difference in the areas of necrotic tumor cells between the bevacizumab and control groups,
p ≤ 0.05. The color palette on the right indicates the stiffness ranges corresponding to each
color in the bar graphs and segmented OCE images.

Thus, OCE was able to detect ChT-induced microstructure alterations in vivo with high
sensitivity. Segmented OCE images (Fig. 7(b)) allow one to accurately determine in real time the
presence and proportion of destructive changes in the structure of the tumor as a result of ChT.
The “stiffness spectra” evolution (similar to the graphs in Fig. 7(a)) clearly and quantitatively
reflect the changes that occur in tumor tissue in response to ChT.

3.2. Tumor response evaluation to vessel-targeted PDT

To complement the above-presented results of tumor response to ChT, this section demonstrates
the usefulness and universality of the OCA and OCE approaches for assessment of the tumor
response to PDT representing another type of vascular-targeted therapy with an essentially
different mechanism of action.

3.2.1. Conventional assessment

Figure 8(a) demonstrates significant decrease in the tumor volumes by 24 hrs after PDT for all
treated tumors in comparison with untreated ones. However, on day 6 post-PDT only 5 of 8
PDT-treated tumors had statistically significant smaller volumes compared to control tumors with
TGI coefficient 160-194%.
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Fig. 8. Effect of PDT on CT26. (a) Monitoring of relative tumor volume changes for
responders (n= 7), non-responders (n= 3) and control (n= 10) tumors. Data are shown as
mean±SD. Tumor growth was statistically significant inhibited by PDT in the responders.
Asterisk * denotes statistically significant difference of responders and non-responders from
control ones (p ≤ 0.05) and # denotes statistically significant difference of responders from
non-responders (p ≤ 0.05). (b) H&E histological images of CT26 tumors. Black arrows
indicate hemorrhage; green arrows indicate vascular thrombosis; blue arrows indicate viable
tumor cells; white arrows show clusters of dystrophic tumor cells; yellow arrows show
necrosis of tumor cells.

Histological examination of PDT treated tumors reveal alterations similar to those in the
bevacizumab-treated tumors, such as necrosis, edema, dystrophic and viable tumor cells (Fig. 8(b)).
Thrombosis of blood vessels and hemorrhage, the weak edema and the clusters of dystrophic
tumor cells were detected already at 24 hours after PDT. At day 2 post PDT, the regions of
these morphological changes increased due to extensive areas of necrosis and dystrophic tumor
cells. At day 6 post-PDT a total (100%) necrosis was observed in 5 of 8 tumors. These tumors
were categorized as responders, based on classifications from [5]. At day 6 post PDT, 3 of 8
tumors had 20-30% of viable tumor cells, 10-20% of necrotic of tumor cells and also clusters of
dystrophic tumor cells. These tumors were categorized as non-responders [5].

3.2.2. In vivo angiographic monitoring of PDT-induced changes

Control tumors demonstrated well-developed blood vessels network on OCA images throughout
all observation time period (Fig. 9(a), upper row). In contrast, already in 6 hours post PDT
only a few vessels were visualized by OCA in case of responders. Importantly, complete and
irreversible tumor’s blood vessels disappearance was shown in 24 hours post PDT in the case
of responders in OCA images (Fig. 9(a), lower row). Conversely, only partial disappearance of
tumor’s blood vessels was observed in 24 hours post-PDT in case of non-responders (Fig. 9(a),
middle row), which was confirmed by quantitative analysis of the images (Fig. 9(d)). This result
well agrees with our earlier studies [5,6], where OCA criteria of PDT success were formulated
based on perfused vessel density (PVD): zero PVD (i.e., no perfused vessels visible on the OCA
image) in the tumor and PVD< 1% in the peri-tumorous region in 24 hours post PDT.

The fluorescent (Fig. 9(b)) and IHC (Fig. 9(c)) images and their quantitative analysis confirm
that PDT damages blood vessels and interrupts blood perfusion (Fig. 9(d), (e)). Pearson
correlation between vessel density on the fluorescent images and OCA images is r= 0.952. Thus,
despite quite different anti-angiogenic action mechanisms for PDT and bevacizumab-based ChT,
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Fig. 9. Monitoring of early tumor’s blood vessels reaction to vascular-targeted PDT
by means of (a) in vivo real time OCA imaging, (b) corresponding fluorescent images and (c)
IHC images (by CD31 staining) of blood vessels in control tumors and 24 hours post PDT,
(d) – perfused vessels density, determined on OCA and fluorescence images, (e) vascular
density, determined on IHC images.

OCA has proved to be very sensitive to blood perfusion interruption regardless of the treatment
type, which indicates the universality of the OCA approach.

3.2.3. In vivo elastographic monitoring of PDT-induced changes

Similarly to section 3.1.3, the stiffness percentage graphs for the control tumor (Fig. 10(a),
black line) show weakly varying and rather high tumor high stiffness (mostly >800 kPa) during
all observation period. In the treated group, no significant changes in the stiffness spectra
were observed in early time points post PDT (0 and 6 hours) by means of OCE. Then, rather
pronounced differences in stiffness of responders to PDT in comparison to both control group
and non-responders were noted at days 1, 2 and 6 post PDT (Fig. 10(a)). The stiffness-percentage
graphs show that the stiffness shift to lower values starts from 24 hours for responders in contrast to
non-responders. At day 6 post PDT the responders have much greater content of components with
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low stiffness <400 kPa (Fig. 10(a), dashed line) in comparison with non-responders (Fig. 10(a),
dotted line).

Fig. 10. In vivo OCE monitoring of tumor response to PDT: (a) Stiffness-percentage
graphs illustrating the shift of the stiffness spectrum (total area under the curves is 100%), (b)
Segmented OCE images demonstrated various tumor zones (viable tumor cells, dystrophic
tumor cells, edema and necrosis of tumor cells); (c) Percentage of pixels (left vertical axes)
belonging to the specific stiffness ranges for different morphological zones (blue, light blue,
yellow and red columns). The dashed purple lines and right vertical axes show percentage of
perfused vessels density. No significant stiffness changes were noted in the control tumors
with strong dominance of viable tumor zone, whereas for non-responders and responders,
the most stiff viable tumor zones (blue color) in (b) and (c) strongly diminished at day 6
post PDT, when responders showed total necrosis (red color) on the segmented OCE images.
Asterisk * denotes statistically significant difference of responders from non-responders in
percentage of the necrosis area, p ≤ 0.05. # denotes statistically significant difference of
non-responders from responders in percentage of the viable tumor cells, p ≤ 0.05.

Segmented OCE images (Fig. 10(b)) and their quantitative analysis (Fig. 10(c)) demonstrate in
vivo changes in histological structure of tumors subjected to PDT (central and right columns
in Fig. 10(b)). Segmented OCE-images of control tumors during the development demonstrate
prevalent viable tumor cells (occupied 95-65% in corresponding time period). Only small areas
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of dystrophic tumor cells (3-28% in corresponding time period) and edema (no more than 14%)
are visualized by OCE. Normally, spontaneous degenerative changes of tumor cells are occur
during tumor development. Figure 10(b) (2nd and 3rd rows from top) shows, that at early time
points (0 and 6 hours), there was no significant difference in the percentages of viable tumor cells
area between control, responders and non-responders.

In contrast, for days 1, 2 and 6, tumor stiffness markedly differed for control and treated animals
(lower 3 rows in Fig. 10(b) and Fig. 10(c)). Importantly, that significant difference was already
observed when comparing tumor stiffness for responders and non-responders at 24 hours. The
percentage of necrosis area featuring very low rigidity (less 230 kPa) was significantly higher for
responders compared to non-responders at 24 hours, 2 and 6 days (Fig. 10(c)). On segmented
OCE-images of responders, in 24 hours post PDT in addition to edema and dystrophic tumor
cells, a distinct area of necrosis (occupied ∼8%) was detected and then pronounced extension
of the necrosis area was observed at day 2 (up to 15%) with maximum at day 6 (∼93%). For
non-responders, the zone of viable tumor cells exhibited clear reduction only at days 2 and 6 post
PDT with clear appearance of the necrotic tumor cells (∼21% at day 6), which was much less
than in responders (∼93%). Additionally, zone of viable tumor cells visualized in non-responders
was statistically significantly higher compared to responders at day 2 (54± 15% vs 31± 6%,
respectively) and 6 (22± 13% vs 0%, respectively).
These OCE results are consistent with histology for all four identified tumor zones (viable

tumor tissue, dystrophic tumor cells, edema and necrosis of tumor tissue). Pearson correlation
coefficient shows a strong correlation between the area of necrosis revealed by histology and
OCE: for responders r= 0.97 (p< 0.001) and for non-responders r= 0.84. In addition, strong
correlation was shown between the histological images and segmented OCE images for the areas
of viable tumor cells: for responders r= 0.98 (p< 0.001) and for non-responders r= 0.92. This
correlation is shown for the first time and demonstrates the high degree of agreement between
the morphological changes in the tissue and stiffness changes on the OCE images. Consequently,
based on the segmented OCE images, histological structure of the tissue can be assessed.
Interrelation between the vascular reaction and stiffness changes after PDT is clear from

Fig. 10(c). Blood flow disruption (decrease of perfused vessels density on OCA images) at 6 hrs
post PDT in case of responders is pronouncedly stronger than for non-responders, whereas the
moderate stiffness decrease (because of edema formation) is not that different for responders
and non-responders. Then at 24 h and later, complete disappearance of perfused blood vessels
on OCA images for responders is accompanied by pronounced necrosis formation and dramatic
decrease in stiffness on OCE images. For non-responders, these stiffness alterations are much
weaker, whereas the vascular network even begins to restore after 24 h.

Thus, in vivo OCE segmentation allows one to accurately determine in real time the presence
and proportion of the necrotic zone in case of successful PDT in the early period within 24
hours post PDT. In case of unsuccessful treatment, the OCE-based segmentation accurately
detects remaining viable tumor cells in 6 days post PDT. It can be emphasized that despite quite
different anti-angiogenic mechanisms of bevacizumab and PDT, the similar histological structure
alterations such as necrosis, edema, viable and dystrophic tumor cells were revealed.

4. Discussion and conclusions

Presently, RECIST remains the most common conventional way to evaluate tumor response to
cytotoxic chemotherapy [2]. However, new methods of anti-tumor therapies, which are targeted
at blood vessels rather than directly at the tumor cells, require new approaches for tumor response
evaluation [1]. In this study, we compare two different vascular-targeted therapies that indirectly
kills tumor cells through blood supply injury: (i) anti-angiogenic with bevacizumab and (ii)
photodynamic therapy. For the first time we applied in combination OCA and OCE to test the
ability these optical methods to in vivo predict tumor response. Another goal of the study was to
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estimate the universality of these approaches by applying each of these methods to another type
of tumor and another type of therapy in comparison with previous, partially similar, applications
of OCA and OCE [5,6,19,26,27].
It is well known that the action of antiangiogenic chemotherapy is aimed at suppressing

neoangiogenesis of tumor tissue [46] and vascular-targeted PDT has thrombogenic effect on
blood vessels [12]. Despite quite different mechanisms of anti-angiogenic action of bevacizumab
and PDT, similar histological structure alterations such as necrosis, edema, viable and dystrophic
tumor cells were revealed in the present study. OCA was demonstrated to be very sensitive to
blood perfusion interruption after both therapies. Our recent studies demonstrated that OCA
is very sensitive to blood perfusion and is a helpful and reliable tool for prediction of PDT
response based on vascular reaction within 24 hours post PDT [5,6]. However, in this study for
the first time OCA was applied for monitoring of tumor vasculature post bevacizumab treatment.
Complete disappearance of tumor blood vessels was shown by OCA under bevacizumab therapy.
Well-developed blood vessels network normally characterize untreated tumors. Appearance
of avascular zones gives evidence that something wrong with blood vessels. It should be
pointed out that although OCA is well suited to characterize functional state of blood vessels
(presence/absence of perfusion) it is not sensitive to microstructural/morphological alterations of
tissue.

In this context, our recent studies [27] on breast cancer tumor model 4T1 treated by cisplatin and
bevacizumab demonstrated high sensitivity of OCE to histological structure alterations with the
possibility to evaluate percentages of necrotic and viable tumor cells via automated segmentation
of OCE images. In addition to OCE-studies of mechanical and histological heterogeneity of
breast cancer samples [26] and model tumor 4T1 [20,21,27], the present study further extends the
application range of the OCE-based segmentation using another tumor model (CT26) and another
anti-tumor therapy (PDT). The obtained results has confirmed that OCE is a rather universal and
highly useful tool, enabling detection of tumor stiffness decrease accompanying the appearance
of edema, dystrophic and necrotic tumor cells independently of the reason of cell death.
Therefore, OCA and OCE methods complement each other and in combination bode well

for assessment of tumor response to therapies, including vascular-targeted therapy. Because
blood vessel destruction occurs earlier than histological changes, OCA can be helpful in early
time period post therapies. In case of PDT, OCA revealed the first blood vessels reaction as
early as 6 hours post therapy with fully developed reaction in 24 hours. This was confirmed by
fluorescent imaging in 24 hours post PDT. Our present OCA finding are in a good agreement with
independent study [47], in which a significant reduction in blood flow was observed as early as 6
hours after PDT by Laser Doppler technique. Additionally, in [47] electron micrographs revealed
erythrostasis in tumor microvessels starting as early as 2 hours after treatment and complete
occlusion of blood vessels by 12 hours.
In case of bevacizumab, our OCA imaging indicated significant reduction in blood vessel

density at day 5, which was additionally verified by IHC and fluorescent imaging. These findings
agree with study [48], where bevacizumab-induced reduction in blood vessels density was
demonstrated by invasive IHC investigation. All previous studies devoted to bevacizumab therapy
were focused on the blood vessel characterization [48,49], although based on other methods than
OCA. To the best of our knowledge, so far, there were no studies focused on detailed visualization
of morphological alterations in the tumor structure under bevacizumab therapy. In the present
study, for the first time OCE-based segmentation was used to investigate morphological alterations
in the tumors in parallel with the OCA imaging of perfusion. A severe edema, as well as tumor
necrosis and dystrophy were revealed in vivo by OCE and confirmed by histopathology. Such
histology-like segmentation of OCE images allowed us to perform accurate real-time longitudinal
monitoring of the appearance and proportion of morphological alterations.
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To summarize, this study demonstrates that both OCA and OCE are the promising non-
invasive, label-free and real-time approaches allowing one to monitor early changes in the tumor
after different therapies and assess the treatment efficacy. Universality of these approaches
was demonstrated on different types of therapies: vascular-targeted PDT and anti-angiogenic
chemotherapy, as well as cytotoxic chemotherapy in previous studies [20,27]. Independent of the
therapy type, OCA is able to visualize reduction of blood vessels density. In turn, OCE is able to
visualize and quantify the tumor structure alterations (necrosis, edema, dystrophic tumor cells
and viable tumor cells). Thus, the above-presented results together with our recent OCE-based
studies [20,21,26,27,38] confirm that the OCE-segmentation suggests an attractive alternative
to segmentation of conventional histological images, enabling previously inaccessible in vivo
monitoring of histological structure of biological tissues for a broad range of oncological and
non-oncological applications without taking multiple biopsies.
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